Lattice radiotherapy (LRT) is a novel technique of delivering heterogeneous doses of radiation to voluminous tumors not amenable to surgery. Built from the conventional two-dimensional grid, LRT utilizes the power of new technology, three-dimensional radiation allowing the delivery of higher doses of radiation to small spheres, also called vertices, inside bulky tumors while limiting exposure to surrounding healthy tissue. The main goals of the study were the evaluation of tumor response and the overall safety of LRT in this cohort of patients with bulky non-small cell lung cancer.
The management of voluminous lung tumors presents a challenge, particularly when surgical resection is not an option and conventional radiation and chemotherapy have limited efficacy for local control. An emerging technique is the use of lattice radiotherapy (LRT) [1] . Linear accelerator (LINAC)-based LRT can precisely deliver inhomogeneous high doses of radiation to different areas within the clinical target volume (CTV) while limiting the dose to the organs at risk adjacent to the tumor [2] [3] .
Recent case reports have demonstrated very effective local control of bulky lesions, thereby decreasing overall tumor burden and expanding options for subsequent surgical intervention [4] [5] .
High-dose 2D grid therapy has been available since the early 1900s but has not gained widespread acceptance by the radiation oncology community, presumably because of unacceptably high doses of radiation to normal tissues [6] . By adjusting the old 2D grid technique into a 3D lattice using multiple high-dose areas called vertices distributed within the central areas of the gross tumor volume (GTV), high-dose radiation is delivered within the bulk of the tumor and not in the peripheral areas adjacent to normal tissues. The term lattice, as described by Wu et al., has only a figurative purpose and does not imply a rigorous and symmetric repeated three-dimensional arrangement [1] . Instead, these vertices are placed inside the tumor, depending on its size and shape as well as the proximity of critical structures. The lattice technique may provide equivalent or superior clinical response in the management of large tumors while limiting toxicity to surrounding structures [4] [5] .
The common problems faced by the delivery of traditional radiation to a large tumor volume include poor blood supply and hypoxia within the tumor microenvironment, which stimulates factors such as hypoxia-inducible factor 2 alpha (HIF-2α), leading to protection against apoptosis. In addition, unacceptably toxic effects to the skin and surrounding tissues and difficulty in dosimetry for bulky lesions represent a challenge despite advances in intensity-modulated radiotherapy (IMRT) and image-guided radiotherapy (IGRT) [7] . These issues are largely mitigated by 3D dosimetry using multiple vertices within large solid lesions, and promising outcomes have already been seen in our early experience using these techniques [4] [5] .
There is a growing body of research emphasizing the modification of the tumor microenvironment following high-dose radiotherapy in bulky tumors, creating radiationinduced bystander effects (RIBE). These RIBEs can result in cell death to neighboring cancer cells where actual exposure to radiation is limited [7] . Apoptosis is attributed to the bystander effect thought to be secondary to cellular signaling either via direct physical contact in the case of gap junctures or by cell-released signaling molecules such as cytokines, nitric oxide, or reactive oxygen species [8] [9] . The benefit of utilizing LRT would be the ability to destroy portions of the tumor receiving the highest dose of radiation while inducing RIBEs in those peripheral cells that are well within the target but farther away from healthy adjacent structures [7] .
Materials And Methods
This is a retrospective review of the medical records for 10 patients treated with LRT with palliative intent. All patients were pathologically diagnosed with advanced NSCLC and they were not surgical candidates, having failed traditional systemic therapy with poor expected overall survival. None had received previous lung irradiation. There were nine males and one female; ages ranging from 49 to 87 years (mean 71, median 73). Five patients had stage III and five had stage IV lung cancers by virtue of distant metastases at presentation ( Table 1) . At the time of computed tomography (CT) simulation for radiotherapy (RT) planning, all patients had bulky lung tumors measuring greater than 5 cm in maximal diameter, with a range from 5 cm to 14 cm (mean 8 cm). Their initial gross tumor volume (GTV) ranged from 46 cc to 487 cc (mean 195 cc), defining the patients as having bulky lesions. The imaging follow-up period ranged from one month to 71 months (median six months). Nine of the 10 patients had a positron emission tomography (PET)-CT diagnostic study, which was used as a baseline assessment of disease burden. All patients were treated with one initial fraction of LRT with the lattice vertices receiving 18 Gy and the GTV receiving 3 Gy using 6 MeV photons ( Figure 1 ). After LRT, all patients continued treatment with conventional fractionated external beam radiotherapy (EBRT) with 25 to 33 daily fractions of 1.8 Gy to 2 Gy. The number of vertices and its diameter depended on the size, shape, and location of the tumor with respect to the normal structures. The ratio of the dose between the vertices and the entire tumor volume ranged from 0.8% to 2.2%. The average distance between these high dose spheres (center to center) was 3.6 cm.
Patient

FIGURE 1: Representative scheme showing a lattice plan in one of our patients
Representative scheme showing a lattice plan in one of our patients. The axial, coronal, and sagittal views are illustrating the percentage dose distribution in color wash. The red spheres represent the concentration of the highest dose in the three 1 cm vertices. The distribution graph demonstrates the separation between vertices, allowing for the dose to fall from 100% to 37%.
Seven patients received a boost or retreatment to the residual tumor. We considered a boost when the salvage, either radiosurgery or IMRT, was done within three months of the initial treatment. The term retreatment was used for those patients who remained with active disease beyond three months. The time from the end of the LRT plus conventional therapy to the time of the boost ranged from 20 days to nine months, with most patients receiving it within three months of LRT ( Table 2 ). The volume of the lesions, characteristics of the vertices, and dose fractionation are shown in Table 2 . Image-guided radiation therapy (IGRT) was performed prior to every fraction using cone-beam CT (CBCT). Adaptive therapy was used for all patients when tumor response was rapid and significant, as seen in the daily CBCT (Figures 2-4 ). The descriptions and grading scales found in the revised NCI Common Terminology Criteria for Adverse Events (CTCAE) version 4.0 were utilized for toxicity assessment [10] .
Imaging response was evaluated in two ways: 1) by RECIST (Response Evaluation Criteria in Solid Tumors) criteria on post-treatment CT imaging, performed according to RECIST v 1.1 [11] [12] [13] , and 2) by evaluation of FDG PET-CT scans [14] performed 12 weeks after the completion of treatment and repeated at least at every six-month interval. All scans were reviewed and compared to the baseline studies acquired prior to treatment. PET-CT response and its potential prognostic value are not completely understood in this setting; however, for the purpose of this study, we used a simplified form of the current standard, which is PERCIST: Positron Emission Tomography Response Criteria in Solid Tumors. PERCIST [15] [16] 
Results
Tumor response
Tumor response from the day of initial CT simulation as compared to the cone-beam CT obtained on the last day of treatment demonstrated tumor volume reduction in nine out of 10 patients from 15% to 83% (median 64%, mean 52%). One patient, who had a large cavitated mass, experienced tumor growth in one week between the time of simulation and the beginning of treatment and did not respond while under treatment. Another patient died of intercurrent disease four months after completing the course of LRT and conventional radiation despite having demonstrated a reduction in tumor volume.
Tumor response was also evaluated from the day of initial CT simulation to the latest CT follow-up available, which ranged from one to 71 months (median six months). The tumor response based on the largest size reported in the follow-up study as compared to the initial CT, ranged from 10% to 53% (median 43%, average 37%), except for the same patient described above, where no response was noted after five months follow-up imaging.
At the time of the initial planning, the average size of the primary lesion was 7.7 cm (standard error of the mean: SEM 2.5 cm) with a decrease to an average of 5.6 cm (SEM 1.05 cm) at the end of the radiation treatment course, which was statistically significant with a p-value of 0.01.
Survival
Overall survival ranged from four to 86 months (median 16, mean 22). Five patients are alive, with a minimum of 18 months and a maximum of 86 months (median: 25 months). Three of them showed complete response with no activity as per the PET-CT scan despite having residual mass with a 48% average decrease in size on CT exam. The other two patients are alive with disease outside the chest and partial response of the treated tumor by PET-CT evaluation.
Toxicity
In all cases with imaging follow-up, there were changes on FDG-PET-CT suggestive of grade 1 radiation pneumonitis. There was no mortality attributable to LRT.
Discussion
LRT was safely delivered to 10 patients with advanced stage NSCLC resulting in a statistically significant reduction in tumor size and in surprisingly long overall survival in patients otherwise deemed hospice candidates. This was accomplished without significant morbidity or mortality directly attributed to LRT.
An important limitation of this study is the small number of patients treated with LRT. This was secondary to the few patients who met the study criteria and were treated at our institution over a few years. A multicenter, prospective trial enrolling more patients with a standard protocol would be warranted based on the promising initial data presented here.
It would be intriguing to see if LRT induces immune responses to radiation, which could be clinically advantageous, especially at a time when immune therapy is generating high interest in clinical oncology. There are already some initial data suggesting that the tumor control seen by giving radiotherapy (RT) is, at least, in part, immune-mediated [17] [18] . An investigation into a combination of RT with immune-directed therapy, such as nivolumab or pembrolizumab, is already ongoing [19] .
Traditionally, it has been thought that radiation therapy was a local treatment modality without systemic effects. More recently, it has been found that there are biological alterations in non-irradiated cells caused by signals from irradiated cells close by within the irradiated volume. This has been called bystander effects. This is most likely caused by factors released from the treated cancer cells and from immune cells [20] . Radiation has been suggested to induce local inflammation and alter the T-cell pathways, resulting in cancer cell death. It has been suggested that the sizes of irradiated tumors may influence abscopal effects. Larger tumor tissues may be able to release more antigens in response to irradiation, which potentially intensifies abscopal effects than that from smaller size [20] .
Eradicating a tumor requires total destruction of both tumor cells and its stromal contents. The experience of SRS and SBRT demonstrated that this is achievable for tumors of limited size, in terms of local control. Additionally, a high dose of radiation is shown to be immunogenic through the mechanism of "in-situ vaccine," which triggers the cascade of antigen presentation toward the activation of CTL. Together with the secretion of factors such as IFN-γ, GM-CSF, TNF-α, IL-6, IL-10, or TGF-β, they can potentially mediate and contribute to the observable bystander effects and abscopal/systemic effects.
While effective in treating small tumors, SRS and SBRT are highly risky in treating voluminous tumors; the reasons being, first, a dose that is sufficiently high to eradicate both tumor cells and the whole stroma of a large tumor would likely be too toxic for the surrounding normal tissues and organs. Second, a complete, or near-complete coverage of the entire tumor, disrupting the total tumor vasculature and lymphatic drainage would prevent the circulation of "in-situ vaccine" and lymphocytes and, subsequently, diminish the immunogenic effects.
Applying LRT to a voluminous tumor would not incur additional toxicity to the surrounding normal tissues since the high-dose vertices (responsible for producing the "in-situ vaccine" and effective cytokines/chemokines) are confined within the tumor while preserving the vasculature and lymphatic drainage in the low-dose regions, allowing "immunogenic factors" to circulate and subsequently maximize bystander and abscopal effects.
Our results are in agreement with the recommendations of Feddock et al. who demonstrated that SBRT can be used safely to boost residual disease in advanced lung cancer [21] . Local regional control in locally advanced lung tumors is a well-known cause of failure. Escalating local therapy from conventional radiation using fusion with imaging, including PET-CT to select high-risk patients and using modern techniques (SBRT/lattice), allow for the intensification of treatment. We feel, as do Kalman et al., that a clinical trial incorporating this concept is highly indicated [22] .
Conclusions
In this retrospective review, early experience with LRT radiotherapy shows that it appears to be a safe and effective technique for delivering higher doses of cytotoxic radiation to bulky lung cancer lesions. As it has previously been hypothesized, bystander effects may be induced in peripheral neoplastic cells while avoiding toxicity to adjacent normal structures. LRT, by irradiating large areas from the center outward, provides a novel approach in the pursuit of modifying the tumor microenvironment while changing vascular access and drug delivery. It may allow for possible immune modulation of T-cells within the irradiated tissues, which is currently a trend in medical oncology and one that may prove to replace traditional chemotherapy as front-line therapy in certain tumor types.
Research could be expanded to other bulky primary malignancies, such as gynecologic tumors and sarcomas, where surgery may not be an option because of the anatomy involved or because of the patient's comorbidities. Future studies using LRT are warranted based on the initial results of this study, showing safety and efficacy in utilizing this technique.
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